Abstract In this paper, the characteristics of detonation combustion ignited by AC-driven non-thermal plasma and spark plug in air/acetylene mixture have been compared in a doubletube experiment system. The two tubes had the same structure, and their closed ends were installed with a plasma generator and a spark plug, respectively. The propagation characteristics of the flame were measured by pressure sensors and ion probes. The experiment results show that, compared with a spark plug, the non-thermal plasma obviously broadened the range of equivalence ratio when the detonation wave could develop successfully, it also heightened the pressure value of detonation wave. Meanwhile, the detonation wave development time and the entire flame propagation time were reduced by half. All of these advantages benefited from the larger ignition volume when a non-thermal plasma was applied.
Introduction
A Pulse Detonation Engine (PDE) is a power device producing thrust by cyclical detonation waves. There are five processes in an operating cycle: air-fuel mixture filling, ignition, deflagration to detonation transition, detonation wave propagation, and combustion product exhausting. Ignition is the most important technology of PDE. It is necessary to shorten the period of each cycle to improve the operating frequency of PDE, as well as to improve the power performance. To shorten the distance and time of Deflagration to Detonation Transition (DDT), the ignition device is required to instantly have a large amount of energy release to directly initiate detonation. Experiments [1−3] show that when a spark plug is used to initiate the DDT process, the DDT distance depends on the ignition energy, ignition position, excess air coefficient, etc. When the ignition energy exceeds 0.5 J, the DDT distance cannot be shortened as the ignition energy further increases.
Pulsed nanosecond plasma-assisted ignition, combustion, and flame propagation is a new application of plasma. The advantages and the influence mechanism of pulsed electric discharge plasma-supported combustion are described in Ref. [4] . In the specific applications of plasma-assisted combustion, Refs. [5, 6] indicated that non-thermal plasma is able to ignite the lean mixture reliably and efficiently. An AC-driven nanosecond pulse dielectric barrier discharge can generate non-thermal plasma with high energy density in a large volume, including neutral particles, ions, and electrons. The active particles could ignite the mixture efficiently. If the mixture is ignited by a spark plug, then the discharge arc breaks down the combustible mixture directly at the moment of ignition, the mixture temperature rises in a very small region, and then the gas mixture will be ignited inefficiently.
At present, nanosecond pulse discharge plasma ignition, an advanced ignition technology in PDE, has been used to generate a lot of active particles in a large volume [7, 8] , in which the power supply voltage of the plasma generator is 80 kV and the time width of each pulse is 50 ns. These studies showed that nanosecond plasma significantly shortened the ignition delay. The ignition efficiencies of pulse discharge plasma and a spark plug were also studied [9] . The study showed that the efficiency of plasma ignition was 60%, which is higher than the spark plug by one order of magnitude, whose efficiency was only 5%. The pulse discharge plasma could ignite the ethylene-air mixture flow at a velocity of 100 m/s and the gasoline-air mixture at a velocity of 55 m/s [10] . Nanosecond pulse discharge plasma has been used as igniter for a PDE [11−13] : the PDE with ramp obstacles inside operated successfully at a frequency of 80 Hz. Transient plasma ignition greatly shortened the DDT distance and time as compared with spark plug ignition [14, 15] . How the two kinds of discharge modes initiate the DDT has * supported by National Natural Science Foundation of China (No. 51176001) been studied in Ref. [16] . This study analysed the radial propagation of the discharge with a low discharge power density and concluded that plasma-assisted ignition might be an effective tool in the control of DDT processes.
The applications of nonequilibrium plasma for ignition and combustion control in different fields have been summarized in Ref. [17] . However, there have been few reports concentrating on the AC driven nonthermal plasma used in PDE detonation process, more emphasis has been placed on ignition and combustion enhancement. When AC driven non-thermal plasma was used for propane combustion, the stability of the flame was improved [18] . The use of AC driven nonthermal plasma can assist the ignition of the mixture including air, N 2 and low calorific value fuel CO and H 2, whereby the flame propagation speed was increased [19] . Non-thermal plasma increased the flame propagation speed by 50% [20] . An ignition method that uses continuous non-thermal plasma to ignite the mixture in a slot has been applied [21, 22] , whereby the ignition delay was shortened and the ignition limit was expanded. At present, most AC-driven non-thermal plasma igniters discharge continuously, so they could not be used in PDE. In this paper, an AC-driven non-thermal plasma igniter is designed to meet the needs of PDE ignition, and the advantages of the non-thermal plasma ignition are proved in comparison with a spark plug.
2 Experimental setup and methods
Experimental setup
Fig . 1 shows the experimental system, including detonation tubes, air/fuel supply, circulatory system, and the ignition system etc. The plasma igniter and spark plug were fixed on the heads of the two detonation tubes, respectively. One end of each detonation tube was covered by plastic film with a flange. The air and fuel had not been dried because the change of air humidity was slight within a short time and thus would have had a minimal effect on the experiment. A piston compressor was connected with the experiment pipeline system though valve 10, which was used to check the gas-tightness and blow the exhaust gas after the detonation process so that the compressed air could fill the experiment system. The air and oxygen were filled into the detonation tubes through valve 11 and valve 12, respectively. Valve 13, valve 14, and valve 15 were connected with the corresponding fuel cylinders. The single cycle detonation experiment had four processes. First is the vacuum pumping process: we opened valves 2, 3, 6, 7, 8, and 9, and closed the rest, we then turned on the vacuum pump, a vacuum gauge was used to determine if the vacuum degree in the detonation tubes reached the desired value, we then closed valve 9 and turned off the vacuum pump. Second is the fuel filling process: we opened the valve of the fuel cylinder, the gas slowly filled into the detonation tubes through valves 13, 7, 2, and 3, we closed valve 13 when the fuel gas occupied its partial pressure, and then opened valve 11, the air could then occupy the partial pressure until the experimental system reached an atmosphere equilibrium. Third is the mixing process: we closed valves 2, 6, 7, and 8, and opened valves 1, 3, 4, and 5, we turned on the circulation pump, the gas in the experiment system flew along the following path: circulating pump→valve 1→detonation tube 2→valves 4 and 5→detonation tube 1→valve 3→circulating pump, and we then turned off the circulating pump. Based on the preliminary experiments, the air and fuel would have been mixed uniformly five minutes later. Last is the ignition process: we closed valves 1, 2, 3, 4, and 5, triggered the spark plug and the non-thermal plasma generator with a synchronizing controller, we then saved the data acquired by the pressure sensors and ion probes fixed on the wall of the detonation tubes. Detonation tube 1 and tube 2 shared the same structure as shown in Fig. 1 . The detonation tube was made of stainless steel with a length of 1.5 m, a wall thickness of 5 mm, and an inner diameter of 60 mm. The detonation tube had enough pressure bearing capacity to meet the experimental requirement. There were nine orifice spoilers installed inside the detonation tube with a blockage ratio of 44%. The distance of the adjacent two orifice plates was 60 mm. The distance from the first orifice plate to the detonation tube head was 230 mm. There were 12 pressure sensors and 12 ion probes were fixed on the wall of the detonation tubes. The distance from the first pressure sensor and ion probe to the detonation tube head end was 140 mm, and the pressure sensor or probe was 120 mm away from the adjacent one. The non-thermal plasma igniter was fixed on the head of detonation tube 1, the spark plug was fixed on the head of the other detonation tube.
Control and data acquisition system
Non-thermal plasma is controlled by a frequency controller. Sinusoid frequency of the AC power is 30 kHz, and the output voltage is 0-40 kV. Controlled by the frequency controller, the discharge time of single nonthermal plasma was 0.5 ms and the discharge energy was about 0.2 J. The discharge energy of the spark plug was 0.5 J. A NI data acquisition system (NIPXI-1042Q), which has 16 parallel channels, was used to collect the evolution of the pressure and flame propagation, and the frequency response of each channel is 2.5 MHz. A high frequency dynamic pressure sensor (PCB 113A22, Frequency 500 kHz) was used to measure the values of pressure and ion probes recorded the flame propagation history.
Structure of non-thermal plasma igniter
The structure of the igniter is shown in Fig. 2 . The high voltage electrode with a diameter of 20 mm was installed in Teflon in order to keep the center of the closed end of detonation tube 1 fully insulated. A corundum tube was used as an insulating medium covering the high voltage electrode. The inner diameter of the lowvoltage electrode connected with the detonation tube was 33 mm. There were a series of 4 mm diameter holes drilled on the low-voltage electrode. The length of the discharge region in the igniter was 41 mm, and the gap was 4 mm. 
Discharge characteristics of nonthermal plasma ignition
Controlled by the frequency controller, periodic nonthermal plasma was generated at a certain frequency. The discharge parameters were adjustable. The range of the single-cycle discharge time was 0.3-1000 ms, and the range of discharge frequency was 1-500 Hz. Fig. 3 shows the discharge waveforms of the igniter. The yellow curve shows the voltage values and the blue curve shows the current values. Each unit on the vertical axis represents an increment of voltage of 5.0 kV or current of 200 mA. As shown in the left-hand part of Fig. 3 , each unit on the horizontal direction represents a period of time of 4 ms, the discharging cycle is 10 ms, and the peak-to-peak voltage value is 25.4 kV. The right-hand part of Fig. 3 shows a single waveform when the discharge time is 0.5 ms and each unit on the horizontal direction represents a period of time of 100 µs. 
Comparative experiments between non-thermal plasma ignition and spark ignition
In the experiments, the combustible mixture was air/acetylene, and the excess air coefficients were 0.6, 1.0, and 1.2. The distances from the closed head of the detonation tube to the five pairs of ion probes were 0.27 m, 0.51 m, 0.63 m, 0.87 m, and 1.23 m, respectively.
When the ion probes met the flame, the voltage between the two poles of the probe dropped to zero. Fig. 4 displays the sequence of ion probe signals at different positions when the excess air coefficients are 0.6, 1.0, and 1.2. Fig. 4 shows that: (1) the flame ignited by plasma spreads earlier than that ignited by spark at different excess air coefficients. The detonation waves are achieved in both detonation tubes when the excess air coefficient is 0.6. In the plasma ignition detonation tube, the detonation wave developed in 2.5 ms, while it needs 5.5 ms in the spark ignition detonation tube. In the whole process of flame propagation, a flame that is initiated by a spark plug takes twice as much time as the flame takes to spread to the end of the detonation tube in non-thermal plasma ignition. This happens because the non-thermal plasma is discharging in the whole region of the igniter and there are a variety of free radicals generated in the discharge region. The free radicals accelerate the chemical reaction processes, at the same time, a fire kernel with higher pressure is generated between the high-and the low-voltage electrodes. The fire kernel expands rapidly through the multiple small holes towards the unburned gas, and then the flame is accelerated. Unlike non-thermal plasma, a spark plug ignites the mixture in a very small volume. The initial flame is greatly influenced by the heat release, so the flame propagates slowly. That is, the spark ignition efficiency is lower than the plasma ignition. (2) In a richer mixture it takes less time for the flame to spread to the end of the detonation tube. As the effective collision of the acetylene molecules and the oxygen molecules increases, the rate of chemical reactions will accelerate. (3) The initial flame propagates slowly, particularly that ignited by spark. It takes much more time for the flame to spread from the ignition position to the first ion probe, but the distance is only 0.24 m. In contrast, the flame spreads from the position of first probe to the last probe in a very short time, the distance is about 0.96 m. When the flame spreads to the last probe in the plasma ignition detonation tube, the flame has not yet met the first probe in the spark ignition tube. The experimental result indicates that the flame initiated by non-thermal plasma develops more rapidly, and the DDT distance and time are shortened when compared with the case of spark ignition. Fig. 5 shows the flame propagation velocity. The average velocity is defined as the distance of the two adjacent ion probes divided by the time that flame takes to travel that distance. The figure shows that: (1) the flame propagates faster in the rich mixture than in the lean mixture; at the same excess air coefficient, plasma ignition could improve the flame propagation velocity as compared with the spark ignition, and it is more obvious in the lean mixture; and, (2) the flame propagation velocity is slow in the initial stage of combustion, and then the flame propagation accelerates. Table 1 shows the theoretical characteristic parameters of the C-J detonation wave calculated by GASEQ, including pressure P C−J and propagation velocity V C−J , and the results would serve as the criteria to determine whether there was detonation wave in the tube. If the excess air coefficient is 0.6, then the flame propagation velocity is about 2000 m/s in each tube. In other words, the combustion mode is C-J detonation. If the excess air coefficients are 1.0 and 1.2, then the flame propagation velocities are near the C-J theoretical values in the plasma ignition tube. Due to the influence of experimental error, the combustion waves might be C-J detonation waves, but there is no detonation wave in the spark ignition tube. Fig. 6 shows the pressure sequences of the plasma ignition tube, and the right-hand part shows the pressure sequences of the spark ignition tube. Fig. 6 indicates that the detonation waves had developed in the non-thermal plasma ignition tube at the coefficients of 0.6, 1.0, and 1.2, and the peak pressures were 5.18 MPa, 3.65 MPa, and 1.81 MPa, respectively. The pressure values obtained from the experiments are higher than the C-J theoretical values listed in Table 1 . As the mixture became richer, the peak pressure of the detonation wave increased. (2) At the same axial position, when the coefficients were 0.6 and 1.0, the pressures of combustion waves in the spark plasma ignition tube were 3.40 MPa and 2.12 MPa, which are higher than the theoretical values of C-J detonation. This could happen because there were local explosions at the measured position. Shock-induced combustion existed in the tube when the coefficient was 1.2. (3) Detonation waves initiated by non-thermal plasma spread quickly towards the end of the detonation tube, and the combustion waves generated by the spark plug lagged far behind. The experimental result indicates that the detonation wave initiated by a spark propagating to the end of the tube took twice as much time as it took in the other tube. Non-thermal plasma has obvious advantages over spark plug ignition because of a larger volume of initiation region and a lot of free radicals. As a result, non-thermal plasma can shorten the DDT distance and time, greatly improve the detonation wave peak pressure, and thus it is much more favorable to the initiation of detonation combustion. 
Conclusions
Frequency control has been realized with AC-driven non-thermal plasma. The comparative experimental system has been set up with a non-thermal plasma device and a spark plug installed, respectively, on the two detonation tubes. The experimental design aims to ensure that the conditions in the two tubes are the same. The experimental conclusions are drawn as follows: (1) The frequency AC-driven non-thermal plasma meets the needs of PDE ignition. (2) Non-thermal plasma broadens the excess air coefficient range in which detonation combustion can be initiated and shortens the time of DDT by half. (3) Non-thermal plasma offers a large volume as an ignition source, which improves both the development of the initial flame and the properties of the detonation waves.
